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Elastic and inelastic processes in the scattering of positive ions of hydrogen and helium
from a LiF surface
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A theoretical calculation that allows for a fairly complete description of the charge-exchange and surface
electronic excitation processes occurring in the H1 and He1 scattering by ionic surfaces is presented. The
interaction parameters required to describe the collisional process are calculated by using a model Hamiltonian
that has proved to provide a systematic good description of the properties like binding energy, equilibrium
distance, and vibrational frequency of several dimers and atom-surface systems. The formalism is applied to
the comparative study of the scattering of H1 and He1 by the fluorine atom of a LiF surface. The ion survival
probabilities by elastic and inelastic processes are calculated, and the general trends of the experimental
findings are reproduced. Very satisfactory results concerning the electron-hole pair excitations in the He1

scattering are obtained when the charge fluctuation on the active F site is considered. The role of the surface
core states is found to be decisive for thee-h pair excitation by He1 scattering, and for the neutralization of
H1 projectiles.
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I. INTRODUCTION

A great deal of low-energy ion scattering from solid su
face experiments have been performed in order to eluci
the mechanisms of ion neutralization and electro
excitation.1–5 The energy spectra of ions scattered along
jectories close to the normal direction to the surface sho
peak related with the ions that have only suffered an ela
collision with the target atom~elastic peak corresponding t
elastic scattering! and other peaks shifted to lower energi
with respect to the elastic peak, that correspond to ions
have lost energy by inelastic processes such as reioniza
electron-hole pair, or core-electron excitations in the surf
~inelastic peaks corresponding to inelastic scattering!. It is
observed that for several target elements the inelastic p
dominate over the elastic peak. The usual treatment of
surface charge exchange is based first, on considering th
trajectory divided into three segments; i.e., the incoming
gion, the close atomic encounter, and the outgoing reg
and second, on the surface assumed as a jellium. In this
the ion neutralization occurs by either a resonant or by
Auger process, where the relative importance of each on
determined by the energy position of the ion level relative
the valence band. An alternative approach is to assume
electron transitions take place during the violent collisi
with individual target atoms. Clear evidence has been p
sented that violent collisions play a key role in determini
the final charge state of the scattered ions, although c
band effects that mark some crucial discrepancies betw
surface scattering and gas-phase collision are also obse
The ion level promotion due to the hybridization with loca
ized states on the surface opens a possibility of resona
with valence-band states, this being highly favored by
continuum nature of them.

A theoretical description of the scattering process t
aims to provide answers about the role of the extended
0163-1829/2001/63~19!/195411~10!/$20.00 63 1954
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localized states of the solid target in the ion neutralizat
and electronic excitation, must contemplate~i! a model of
the ion-surface interaction that allows for the calculation
the projectile energy level and the hopping between the p
jectile state and the states of the surface atoms,~ii ! a time-
dependent model Hamiltonian that incorporates these at
atom interaction terms, and~iii ! a formalism accounting for
the amplitude interferences in the calculation of ion neutr
ization and electronic excitation probabilities, allowing al
to infer about the role of the interaction with the core sta
of the target. A theoretical description along these lines
already been presented in previous works.6–8 The results ob-
tained for several ion-target combinations have allowed
understand the different mechanisms of charge-transfer
electronic excitation in terms of the interaction of the proje
tile state with the band and core states of the surface. It
also been shown from these results that a quantitative
systematic description of the experimental findings depe
strongly on a reliable calculation of the parameters that
count for the projectile-surface interaction.

In this paper we perform a comparative study of the H1

and He1 scattering from fluorine of a LiF surface. For He1

scattered by the F atom, the experimental data show th
subpeaks assignable to elastic scattering and to inelastic
tering due to single and double electron-hole pair excitatio
While in the case of H1 scattering by F, the elastic peak an
a remarkable background due to multiple scattering from
deeper layers are only observed.5 The experimental scatter
ing geometry correponds to a 160° scattering angle and
incident angle with respect to the surface equal to 80°. T
formation of negative ions in the scattering of hydrogen fro
a LiF surface has been studied within a time-depend
Hartree-Fock approximation, by using a charged clus
(Li5F)41 plus the residual point-charge field of the LiF su
face to account for the Madelung potential effect on the p
jectile and substrate energy levels.8 One important result ob-
©2001 The American Physical Society11-1
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tained in this paper was the enhanced H2 formation in the
scattering by the alkali Li1 ions due to the presence of th
F2 nearest neighbors. This conclusion agrees with the m
prominent H2 peak observed in the scattering by Li1 in the
LiCl surface,9 although these results do not reproduce
experimental findings of Soudaet al.5 concerned with the
H1 neutralization and electronic excitations.

An Anderson-like Hamiltonian is used in this case to d
scribe the collisional time-dependent process. In this way
interactions between the extended and localized states o
surface and the localized states on the projectile site are
contemplated. It has been found that the extended natur
the valence bands is decisive for a good description of
electronic excitations of the surface and the ion neutral
tion. The different terms of the Anderson Hamiltonian a
obtained from a model proposed for describing the adiab
interaction between the projectile and the target atoms. T
implies that the hopping with the band states is written
terms of the hopping with the surface atoms by using a lin
combination of atomic orbitals~LCAO! expansion of the
solid states, while the energy term related with the energ
the active projectile level is obtained as the difference
tween the total energies of the corresponding electronic c
figurations of the interacting system.

We consider that one main question comes from
model Hamiltonian used to obtain the atom-atom interact
terms. This Hamiltonian is derived from a many-bo
Hamiltonian written in terms of the symmetrically orthono
malized atomic basis set where only those terms leadin
bond-pair interactions are retained. Up to this point two o
tions are open:~i! to adopt a Hartree-Fock~HF! approxima-
tion with parameters given in terms of one- and two-elect
integrals calculated by using the orthonormal basis set,
~ii ! to perform an expansion of the parameters up to sec
order in the overlap over the many-body Hamiltonian f
lowed by a HF approximation. In this case, only the hopp
parameters are calculated by using the orthonormalized b
set defined within the dimeric subspace. These two opti
of the interaction Hamiltonian have been discussed pr
ously and applied to the description of dimeric systems,
also to the interaction of atoms with surfaces.10,11 The pa-
rameters obtained from the option~i! have been adopted fo
the description of the ion scattering by surfaces in all o
previous works. However, after an extensive analysis of n
dimeric systems,12 we have arrived at the conclusion that t
option ~ii ! provides a more delicate balance among the
ferent interactions involved that leads to a very system
good description of the properties of the analyzed dim
~binding energies, equilibrium distances, and vibrational f
quencies!. The main difference between the two options re
on the diagonal terms of the model Hamiltonian, leading
different proposals for the variation of the energy levels w
the distance between atoms.

To describe the interaction between the projectile an
clusterlike LiF surface, we calculate the Hamiltonian para
eters by using the option~ii !. The ion energy level is ob
tained as the difference between the total energy of the n
tral projectile-surface interacting system and the total ene
of the ion-surface interacting system.13 Another new and im-
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portant ingredient is to allow for the charge variation on t
active fluorine ion due to the electron capture by the proj
tile, as a way to take into account the localization of a h
created in this ionic surface.14 Finally, the extended nature o
the band states is taken from a semi-infinite linear-ch
model calculation of the ionic compound surface.

Section II A is devoted to a detailed description of t
calculation of the interaction parameters, while Sec. II B
troduces the model Hamiltonian for the collisional proce
and discusses the proposal to account for the localized na
of the hole created at the active fluorine ion. The tim
dependent formalism for calculating the ion survival pro
abilities by elastic and inelastic processes is presented in
II C. Also in this section we describe how to calculate t
average charge in the active fluorine ion at the surface
consistent way with the dynamical evolution of the col
sional process, and the variation of the projectile veloc
accordingly with the electronic transitions. Our results a
presented and discussed in Sec. III, and the concluding
marks in Sec. IV.

II. THEORY

A. A model for the atom-surface interaction

The molecular orbitals~MO! of the (Li5F)41 cluster em-
bedded in the residual point-charge field of the LiF sem
rystal are obtained from a full electron self-consiste
Hartree-Fock calculation.15 The projectile-cluster interacting
system is then considered as a ‘‘giant dimeric system’’ w
the isolated cluster described in terms of its own eigensta
and the interaction described by a bond-pair mo
Hamiltonian:10

H5(
i ,s

Eis~R!n̂is1 (
iÞ j ,s

~Vi j ,s~R!ĉis
1 ĉ j s1H.c.!1Vn2n ,

~1!

where thei and j states are obtained from a symmetric o
thogonalization of the MOFa of the isolated cluster and th
atomic stateFa centered at the projectile site. A mean-fie
approximation on the two-electron interactions allows for t
following expressions of the Hamiltonian parameters afte
second-order expansion in the overlapsSi j is performed:

Eis5e i
02(

j
Si j Vi j ,s

1~1/4!(
j

Si j
2 DEi j ,s1Ũ i^n̂i 2s&

1(
j Þ i

@ J̃i j ^n̂ j 2s&1G̃i j ^n̂ j s&#1(
kÞ j

@hik j^ĉk2s
1 ĉ j 2s&

1L ik j^ĉks
1 ĉ j s&#, ~2!

Vi j ,s5t i j 1(
k

@hki j^n̂k2s&1Lki j^n̂ks&#2G̃i j ^ĉis
1 ĉ j s&

1 J̃i j
x ^ĉi 2s

1 ĉ j 2s&2(
k

@L ik j^ĉks
1 ĉis&1L j ik^ĉ j s

1 ĉks&#,

~3!
1-2
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where

DEi j ,s5Fe i
01(

k
~Jik

0 ^nk2s&1Gik
0 ^nks&!G

2Fe j
01(

k
~Jjk

0 ^nk2s&1Gjk
0 ^nks&!G ,

G̃i j 5~Ji j
0 2Ji j

x0!~11Si j
2 !,

J̃i j 5Ji j
0 2Si j

2 Ji j
x0 ,

Lki j5hki j2hki j
x .

All two-electron integrals come from the general expre
sion:

Vi jkl 5^F i~rW !Fk~rW8!u1/ur 2r 8uuF l~rW8!F j~rW !&,

where in particularUi5Viiii , Ji j 5Vii j j , Ji j
x 5Vi ji j , hki j

5Vkki j , andhki j
x 5Vkik j .

The zero superindex refers to the integrals calculated
using the atomic states to differentiate them from the sa
ones obtained by using orthogonalized atomic functio
This model Hamiltonian has been used for the description
several dimers, leading to very satisfactory results conc
ing with binding energies, equilibrium distances, and vib
tion frequencies.10 The one-electron integralse i and t i j in-
clude the electron interaction with the nuclei and with t
point-charge field of the LiF semicrystal. WhileVn2n ac-
counts for the projectile nucleus interaction with the nuc
of the (Li5F) cluster as well as with the point-charge field
the LiF surface.

The hopping parametersVaa(R), where the subscriptsa
and a denote the orthogonalized states that asymptotic
tend to the atomic state of the projectile and the MO of
isolated cluster, respectively, are obtained from the to
energy calculation of the ionic projectile interacting with t
clusterlike surface without allowing charge-transfer betwe
them (E1). The more relevant hoppings correspond to tho
between the atom state and the MO states that are practi
pure 1s-F state (Va1), 2s-F state (Va2), and 2pz-F state
(Va3). The values obtained for these hopping parameters
practically the same as the ones corresponding to the d
F-H.

The total energy of the neutral projectile-surface intera
ing system (E0) is calculated similarly, and the ionizatio
energy of the projectile atom («a) is obtained from the dif-
ferenceE02E1.

B. Model Hamiltonian for the collisional process

An Anderson-like time-dependent Hamiltonian within
spinless model is used for describing the collisional proce
The interaction of the state localized on the projectile s
with the extended and localized band states of the surfac
well contemplated in this form. The spinless model is app
priate when it may be assumed that there is only one ac
atom state involved in the charge-exchange process. Th
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clearly the case of the resonant neutralization of He1, where
the He-1s state for the second electron@«a(`)5
224.6 eV# is the active one. In the case of H1, taking into
account the energy difference between the affinity le
(20.7 eV) and the ionization level (213.6 eV), the spin-
less model may be applied in two steps: first, the neutral
tion of H1, and then the negative-ion formation from H0.

The expression of the Hamiltonian is the following one

H~ t !5(
k

«kn̂k1(
c

«c~ t !n̂c1«a~ t !n̂a

1(
k

@Vak~ t !ĉa
1ĉk1H.c.#

1(
c

@Vac~ t !ĉa
1ĉc1H.c.#1Vres~ t !, ~4!

where thek states refer to the valence-band states, and thc
states to the core band states that hybridize appreciably
the projectile atomic state of energy given by«a(t). The core
bands are assumed of zero width. The time dependenc
the parameters comes from the classical trajectoryR5R(t)
described by the projectile. An LCAO expansion of the ho
ping with the valence-band states leads to

Vak5(
i ,Rs

ci ,Rs

k Vai

with the indexi summing over the valence states of the s
face atom at positionRs . Within a nearest-neighbor approx
mation, the only interaction maintained is the one with t
fluorine atom on the surface:

Vak' (
i 52p

ci ,F
k Vai

and the significativeVai corresponds to theVa3 hopping pa-
rameter obtained from the stationary calculation describe
Sec. II A. The coefficientsci ,F

k are calculated by using a lin
ear model of the ionic compound surface. The hopping w
the core states included in Eq.~4! are the more relevant one
Va1 andVa2, as it was discussed in Sec. II A. In Fig. 1, th
hoppingsVa1 ,Va2, andVa3 are shown as a function of th
distanceR from the projectiles H1 and He1 to the fluorine
atom at the surface. The core-level energies«1(R) and
«2(R) are also assumed to depend on the projectile’s tra
tory according with the adiabatic interaction described by
Hamiltonian~1!.

The ion level energy«a(R) calculated as the differenc
E02E1 takes into account the electron interaction with t
alternating 11 and 21 charge distribution at the lattic
sites. This interaction appears in theea

0 one-electron term of
the expression~2! ~atomic units are used!:

ea
05K waU2~1/2!“22(

a

Za

ur 2Rau
2(

i 50

N
qi

ur 2Ri u
UwaL ,

where the first two terms correspond to the kinetic ene
and the electron-nuclei interaction, while the third represe
1-3
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the interaction of the electron with the point-charge distrib
tion. In our case the active sitei 50, R050, corresponds to
the fluorine atom at the surface with chargeq0521 partici-
pating in the charge-transfer process. A good approxima
of ea

0 is the following:

ea
05K waU2~1/2!“22(

a

Za

ur 2Rau
2 (

iÞ0

N21
qi

ur 2Ri u
UwaL 1

1

R
~5!

The repulsive contribution 1/R to «a(R) implies to assume
that the charge of the active site at the surface does
change. In the binary collision the electron capture by
projectile (H1, He1) leaves the corresponding hole loca
ized at the active site within the time scale of the collisi
process, as it has been already pointed out by Borisovet al.14

In our description we can take into account the dynam
charge fluctuation on the active F2 site along the projectile
trajectory defined byR5R(t) as the formalism allows to
calculate the average occupation number^n0(t)& for the sec-
ond electron in the 2pz state of the active fluorine, accordin
with the excitation and charge-transfer processes tak
place during the collision. The repulsive contribution 1/R in
Eq. ~5! is then replaced bŷn0(t)&/R, leading to a less re
pulsive effect aŝn0(t)& becomes smaller than one due to t

FIG. 1. Hopping interaction terms between the projectile st
~a! and the active MO (a51,2,3) of the target, as a function of th
ion-surface distance.
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charge-exchange process occuring along the time evolu
The energy levels«a(R) for H1 and He1 are shown in Figs.
2 and 3, respectively, for two limit situations:^n0&51 and
^n0&50. The energy level in the dynamical calculation
defined between these two limit values depending on
value of^n0(t)& along the ion trajectory. The variation of th
hydrogen energy level with the distance from the surfa
shows a pronounced difference with the one calculated
Ref. 8 by using the option~i! for the interaction Hamiltonian.
It is found that the electron-electron repulsion energy is ov
estimated in the option~i!, leading to an upward shift of the
level energy for small separation distances and conseque
to a systematic underestimation of the binding energies
the analyzed systems.10 In Figs. 2 and 3 the only core-leve
energy that shows an important variation as a function ofR:
«2 that tends to the 2s F state, is also shown.

The ‘‘residual’’ potential included in Eq.~4! is required to
calculate the variation of the projectile velocity along t
trajectory and the turning points for the collision. We defi
this potential as

Vres@R~ t !#5^H& f ull2^H&dynamic1Zp(
i 50

N
qi

uR2Ri u
,

e

FIG. 2. The H1 energy level«a as a function of the ion-surface
distance: the solid curve corresponds to the calculation with^n0&
51 while the dashed curve tôn0&50. The dotted curve corre
sponds to the F-2s core-level energy; and the dot-dashed straig
lines delimit the valence-band edges of LiF.
1-4
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where^H& f ull is the mean value of the full Hamiltonian@Eq.
~1!#, but without the interaction between the project
nucleus and the point-charge distribution that is written
plicitly in the third term, and̂ H&dynamic is the mean value o
the Hamiltonian terms maintained for describing the dyna
cal collision process according with the Anderson-li
model. Both^H& f ull and ^H&dynamic, are calculated withou
allowing charge transfer between the projectile and the
face. By making the same considerations as in the case o
energy level«a(R) with respect to the effect of the charg
fluctuation on the active fluorine site, the final expression
Vres(R) may be written as

Vres@R~ t !#5^H& f ull2^H&dynamic1Zp (
iÞ0

N21
qi

uR2Ri u

2
Zp^n0~ t !&

R
. ~6!

In Fig. 4 this potential for both projectiles, H1 and He1,
is also shown for the two limit values of^n0&.

C. Time-dependent formalism

1. Elastic and inelastic ion survival probabilities

We use the same Green’s function technique used in
vious works,6–8 which in our opinion is quite convenien
when the solid eigenstates are known as in the case o
linear-chain model. The time-dependent Green functi
proposed are

FIG. 3. The same as in Fig. 2 for the case of a He1 projectile.
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Gqm~ t,t0!5 iQ~ t2t0!^cm
1~ t0!cq~ t !1cq~ t !cm

1~ t0!&,

whereq andm refer to the surface and projectile states th
diagonalize the system without interaction. Thus,cm

1(t0) cre-
ates an electron at the initial timet0 in an eigenstateFm of
the noninteracting system, whilecq(t) destroys an electron a
the time t in an eigenstateFq . It is straightforward to see
that the average occupation number in theq state is given by

^nq~ t !&5 (
a(occupied)

uGqa~ t,t0!u2, ~7!

where the initially occupieda states are the surface valen
and core band states for an incoming positive ion. Within
spinless model we are using, the probability of a posit
charge state for the projectile results to be:

P1~ t !512^na~ t !& ~8!

It is important to notice thatP1(t) involves the elastic
and inelastic-scattering processes. The probability of surf
electron excitation is given by the average occupation of
conduction band:

Pee~ t !5 (
k e cond.band

^nk~ t !&5Pee
ce~ t !1Pee

ve~ t !, ~9!

FIG. 4. The ‘‘residual’’ potentialVres as a function of ion-
surface distance. H1 scattering:~—! for ^n0&51, ~- -! for ^n0&
50. He1 scattering:~—! for ^n0&51, ~- -! for ^n0&50.
1-5
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where the core (Pee
ce) and the valence (Pee

ve) electron excita-
tion probabilities can be distinguished accordingly with E
~7!. In order to compare with the experimental data of Sou
et al.,5 we need to evaluate the probabilities for positive io
that correspond to the elastic and inelastic peaks. Within
independent electron approximation we are performing, i
possible to define the inelastic ion survival probability as

Pinelastic
1 5 (

k e cond.band
^~12ca

1ca!nk&5P1* Pee

2 (
k e cond.band

u^ca
1ck&u2,

where P1 and Pee are obtained from Eqs.~8! and ~9!, re-
spectively, and̂ ca

1ck& is obtained from

^ca
1~ t !ck~ t !&5 (

a occupied
Gaa* ~ t,t0!Gka~ t,t0!.

It is also possible to distinguish between the ion proba
ity for inelastic processes related to valence electron exc
tions (Pinelastic

1(B) ) and those related to core electron exci
tions (Pinelastic

1(C) ):

Pinelastic
1(B) 5P1* Pee

ve

2 (
k e cond.band

(
a e valence band

Gaa* ~ t,t0!Gka~ t,t0!,

Pinelastic
1(C) 5P1* Pee

ce

2 (
k e cond.band

(
c(core states)

Gac* ~ t,t0!Gkc~ t,t0!.

~10!

Thus, the elastic ion survival probability (Pelastic
1(A) ) results

are

Pelastic
1(A) 5P12Pinelastic

1(B) 2Pinelastic
1(C) . ~11!

Here we have adopted the notation that Soudaet al.5 use
for classifying the inelastic and elastic peaks in the ion
ergy spectra:A denotes the elastic peak,B is the inelastic
peak concerned with the excitation of an electron of the
lence band, whileC denotes the inelastic peak related w
the excitation of a core electron, and also with the simu
neous excitation of two valence electrons and the reion
tion process, when these three inelastic processes mean
lar energy losses. The reionization process by a reso
mechanism during the violent collision takes place in
case of a neutralization of the ion projectile along the inco
ing trajectory by another mechanism like the Auger proce
The reionization probability can be computed within our fo
malism by considering an incoming neutral projectile. B
the description of the excitation of two simultaneo
electron-hole pairs is not possible within the assumed in
pendent electron approximation . Nevertheless the forma
allows for the inclusion of the two-electron terms that a
19541
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count for these processes, that can be treated within a pe
bative way.18 Basically the two-electron terms we woul
need to include are

(
k1k2k3

~Vk1k2k3aĉk1

1 ĉk2

1 ĉk3
ĉa1H.c.!

1 (
k1k2k3k4

Vk1k2k3k4
ĉk1

1 ĉk2

1 ĉk3
ĉk4

.

In the same way, the electron-electron repulsion in
projectile site given by the termUna↑na↓ , must be included
in the Anderson-like Hamiltonian for a correct description
the all final charge states (H1, H2, H0) in the H1 scattering
case. A perturbative calculation of this correlation term th
goes beyond the time-dependent HF approximation is a
possible within the Green’s function technique.19 The inclu-
sion of these terms in the Hamiltonian is an improvement
for a future work.

2. The charge at the active fluorine site

The average occupation number^n0(t)& for the second
electron in the 2pz state of the active fluorine atom is calcu
lated from the expression:

^n0~ t !&.(
k

uci ,F
k u2^nk~ t !&

with ^nk(t)& given by Eq.~7!.

3. The variation of the projectile velocity along the trajectory

We assume a rectilinear trajectoryR(t) that is calculated
by integrating the velocityv(t)5dR/dt at each time. The
projectile velocity varies along the trajectory due to the co
pling between the electronic transitions and the nuclear m
tion in order to maintain constant the total energyE (nuclei
1electrons). This variation can be taken into account by
average potential constructed as the sum of the energie
the different electronic channels weighted by the correspo
ing probabilities of occurrence.16,17 The approximation of an
average potential is a good one for incident kinetic energ
(Ek) not too low as to invalidate the assumption of an uniq
trajectory. In our case this potential is directly given by

V~ t !5^H~ t !&

and for a constant value of the total energyE5Ek
1^H(`)&, the velocity is determined as

v~ t !5A2@E2V~ t !#/M .

The calculation of̂ H(t)& requires to know the differen
average occupation numbers^nq(t)& and the cross terms

^ ĉa
1(t) ĉq(t)&, which can be calculated from the Green

functionsGqm(t,t0). The turning point is determined whe
v(t) becomes zero.
1-6
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4. Motion equations for the Green is functions

Defining gqm(t,t0) as

gqm~ t,t0!5Gqm~ t,t0!expF i E
t0

t

«qdtG
the required Green’s functions are found by solving
integral-differential equations given by

idgaa~ t,t0!/dt5E
t0

t

dtS~ t,t!gaa~t,t0!

1(
b

Ṽab~ t !gba~ t0 ,t0!1d~ t2t0!daa

idgKa~ t,t0!/dt5ṼKa~ t !gaa~ t,t0!1d~ t2t0!dKa ,

wherea runs over the projectile and surface states,K andb
only over the surface states, and the new functions in
duced are

S~ t,t!52 iQ~ t2t!(
b

Ṽab~ t !Ṽba~t!,

Ṽba~ t !5Vba~ t !expF i E
t0

t

~«b2«a!dtG .
III. RESULTS AND DISCUSSION

The band energies of the ionic surface are determi
from the dispersion relation of a semi-infinite linear chain
alternate F2 and Li1 atoms. The top of the valence band
located at20.49 a.u., the bandwidth is 0.19 a.u. and t
energy gap is 0.49 a.u. Thec2p,F

k coefficients are normalized
to obtain a projected charge of 0.9 on the F-2pz state. The
noncomplete electron transfer from Li to F is contempla
in this form, and consequently the small but not vanish
participation of the F-2p state in the conduction band is pr
served. This also means that the maximum value of^n0& is
actually 0.9 instead of 1. The core bands that are inclu
correspond to the 2s-F state located at21.38 a.u., and to
the 1s-F state with an energy of225.7 a.u. The core stat
energies are obtained from the HF calculation of the isola
cluster (Li5F)41 embedded in the residual point-charge fie
of the LiF semicrystal.

A. He¿ scattering

In Fig. 5 we can see the occupations of the surface
projectile states as a function of the ion-surface dista
~negative values of distance only indicate the incoming p
of the trajectory!. These occupations are calculated throu
Eq. ~7!, ^nc& correspond to the two core states consider
^nvb& to the valence band,^ncb& to the conduction band, an
^na& to the occupation of the projectile state. The sum of
the ^nq(t)& has to be equal to the total number of acti
electrons, and this becomes a good test of our nume
calculation. The results shown in this figure correspond to
incoming ion with a kinetic energy of 300 eV. The variatio
19541
e
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d
f

d
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d

d

d
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of the occupations according with the hybridizations amo
the surface and projectile states that take place along the
trajectory can be observed. Thus, the core state occupa
shows a pronounced adiabatic variation suggesting an in
mediary role in the inelastic and charge-transfer proces
The projectile and conduction-band states become occu
along the incoming part of the trajectory at the expense
falling down the core and valence-band occupations. In
outgoing part a redistribution of the electronic charge occ
giving place asymptotically, to a negligible neutralization
the ion projectile and to an appreciable electron-hole p
excitation on the surface (^ncb& .0.53 and̂ nvb& .0.47).

The elastic and inelastic ion survival probabilities as
function of the incoming ion kinetic energy are shown in F
6. We found that for all the energy values analyzed, the c
electron excitation probabilityPee

ce is zero. Then the inelastic
ion survival probability corresponds only toPinelastic

1(B) @Eq.
~10!#. Also, in Fig. 6, we compare the results obtained
either including or not the variation of the charge^n0& on the
active F site at the surface. Only when the localized natur
the hole created at the active F site is included, the ene
dependencies ofPinelastic

1(B) and Pelastic
1(A) are in good coinci-

dence with the experimental results.5 As it has been already
mentioned, Soudaet al. find three peaks~A, B, and C! in the
energy ion spectra coming from the He1 ions scattered from

FIG. 5. Average occupations as a function of ion-surface d
tance. (m) surface core states^nc&; (l) valence-band states^nvb&;
(L) conduction-band states^ncb&; ~s! projectile statê na&.
1-7
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the topmost layer F atoms. The peak B is assignable to
He1 ions, which excite one electron-hole pair since t
energy-loss value relative to the elastic peak A correspo
well to the band-gap energy of LiF. The peak C is though
be caused by simultaneous excitation of twoe-h pairs ac-
cording with the energy-loss value that is twice the one
the peak B. It is also found a negligible ionization probabil
from the He1 spectrum obtained with He0 incidence . Then
it is not expected an important contribution of reionizati
processes to the peak C. It is also observed that the inel
peaks become dominant with increase of energy: for 100
the elastic peak dominates in intensity, while for energ
around 300 eV the intensity of the inelastic peaks begin
be larger. The measured intensities of the elastic peak~A!
and inelastic peak~B! are proportional to the probabilities o
ions scattered elastically (Pelastic

1(A) ) and inelastically
(Pinelastic

1(B) ), respectively. We found that our results f
Pelastic

1(A) andPinelastic
1(B) exhibit the same behavior with the in

cident ion energy when they are compared with the inte
ties of the elastic~A! and inelastic~B! peaks. AsP1 is
constant and equal to 1 within the whole energy range,
can conclude that there are only inelastic processes wit
neutralization in the scattering of He1 from the fluorine atom
at these energy values. The ionization probability for inco
ing He0 atoms has also been calculated, and found neglig

FIG. 6. The ion survival probabilities as a function ofEk for
He1 scattering. The circles correspond to elastic proces
(Pelastic

1(A) ), and the up triangles to inelastic processes (Pinelastic
1(B) ).

The open symbols correspond to results obtained by ignoring
charge fluctuation̂n0& on the active F site. (j) the final positive
charge-state probabilityP1 giving the same result independently
the charge fluctuation̂n0&.
19541
he
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in all the energy range, as it has been observed from the
spectrum for He0 scattering. Within the approximation use
in this paper, it is not possible to calculate the probability
the simultaneous excitation of twoe-h pairs. We expect tha
a more pronounced decrease of the elastic ion survival p
ability with increasing energy will be obtained by includin
this reaction channel .

Another significative result is concerned with the ro
played by the core states; the hybridization with the 2s-F
state makes possible the excitation of thee-h pair, while the
inelastic scattering is suppressed when this core state is
included in the description of the ion-surface interactio
This indicates the formation of quasimolecular states dur
the collision whose promoted energy levels allow for res
nant capture and loss processes leading finally to excitat
of a valence electron.

B. H¿ scattering

By considering the charge variation on the active F s
our results indicate a negligible electron-hole pair excitati
thenP1 corresponds in this case to the probability of elas
cally scattered ions; the results obtained by ignoring t
variation gives also a small inelastic ion survival probabil
as it is seen from Fig. 7. For the scattering of neutral ato
we found an increasing ionization probability with the i
crease of the kinetic energy@Fig. 8~a!#. The measured energ
spectra of H1 ions show a broad background due to multip

s

e

FIG. 7. The same as in Fig. 6 for H1 scattering. (h) P1 by
ignoring the charge fluctuation on the active F site. In this c
Pelastic

1(A) coincides withP1 when the effect of this charge fluctuatio
is included.
1-8
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scattering from deep layers, indicating a low probability
valence electron capture by the H1 ion. Our calculation leads
to an oscillatory behavior ofP1 as a function ofEk , but it
does not take into account neither multiple-scattering p
cesses nor the negative charge state for the projectile.
energies of affinity and ionization levels of hydrogen ne
the surface are not separate enough as to expect tha
spinless approximation provides a completely satisfact
description of the charge-transfer process. A calculation
yond the Hartree-Fock approximation is required to desc
more correctly the all possible final charge states for an
coming H1 ion.

In Fig. 8~b! we can observeP1 as a function of kinetic
energy when the core states are left out from the calculat
The ion survival probability falls down due to the resonan
of the ion level with the valence states, which in this case
not been altered by hybridizations with the core states.
presence of a core state so deep in energy as the 1s-F state
only introduces a shift in the oscillations withEk , but it does
not substantially affect the values ofP1. Thee-h pair exci-
tation is also negligible when the core states are not con

FIG. 8. ~a! The positive charge-state probabilityP1 as a funtion
of the kinetic energy. Empty circles correspond toP1 for an in-
coming ion H1 while full circles correspond toP1 for an incoming
neutral hydrogen atom.~b! The full circles correspond to the calcu
lation including the surface core states; (n) results where the in-
teraction with the 2s-F state has been neglected; (h) results where
the interactions with both 1s-F and 2s-F states have been neglecte
19541
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ered. We conclude that the electronic excitations at the
face depend strongly on the coupling between the H-1s state
and the F-2p state, and this coupling value is small as it c
be seen from Fig. 1. Then the result concerned with the l
of e-h pair excitation will be independent of the better d
scription of the charge states of the projectile that we can

IV. CONCLUSIONS

We have presented a parameter-free calculation of
ion-surface scattering process that accounts for

~i! A description of the interaction based only on the pro
erties of the atoms involved.

~ii ! The analysis of the surface core states that hybrid
appreciably with the projectile state.

~iii ! A dynamical one-particle Anderson-like Hamiltonia
that includes the extended band states and the localized
bands that participate in the collision process.

~iv! A description of the dynamical evolution that allow
for the calculation of the probabilities for the different elas
and inelastic channels.

~v! A classical ion trajectory that includes the veloci
variation of the projectile accordingly with an average tim
dependent potential that involves the coupling between
nuclear motion and the electronic transitions.

~vi! The possibility to examinate the role played by t
localized nature of the hole created at the active anion sit
an ionic surface, and its effect on the projectile level sh
along the trajectory in a consistent way .

These ingredients make the formalism a powerful to
towards a complete description of the elastic and inela
processes that take place in ion-surface collision.

The results obtained provide a very satisfactory expla
tion of the differences observed in the energy spectra for1

and He1 scattering by fluorine in a LiF surface. The role
the adiabatic interaction with the F core states is clearly e
denced, being the presence of the 2s-F state decisive for a
high e-h pair excitation in the scattering of He1, and for a
neutralization of H1 lower than that expected for the case
a projectile level quasiresonant with the valence-band sta
Another important result is that good agreement with
experimental trends is only achieved when the charge fl
tuation on the active fluorine ion is taken into account in
consistent way with the excitation and charge-transfer p
cesses along the trajectory. Finally, our formalism opens
possibility of including correlation terms that are importa
to describe the simultaneous excitation of twoe-h pairs, and
the negative charge state for H1 scattering.

ACKNOWLEDGMENTS

This work was supported by Grant~PIP! No. 4799/97
from Consejo Nacional de Investigaciones Cientı´ficas y Tec-
nológicas~CONICET!, ~CAI1D! No. 94-E12, and~CAI1D!
No. 6-1-76 from Universidad Nacional del Litoral~UNL!,
Argentina.
1-9



a

a

. B

h-

v

C

d

v.

v. B

n-

s.

am

s.

atter

TORRALBA, SLUTZKY, GARCÍA, AND GOLDBERG PHYSICAL REVIEW B63 195411
1R. Souda, T. Aizawa, C. Oshima, S. Otani, and Y. Ishizaw
Phys. Rev. B40, 4119~1989!.

2R. Souda, T. Aizawa, W. Hayami, S. Otani, and Y. Ishizaw
Phys. Rev. B42, 7761~1990!.

3R. Souda, W. Hayami, T. Aizawa, and Y. Ishizawa, Phys. Rev
43, 10 062~1991!.

4R. Souda, K. Yamamoto, W. Hayami, T. Aizawa, and Y. Is
izawa, Phys. Rev. B51, 4463~1995!.

5R. Souda, T. Suzuki, and K. Yamamoto, Surf. Sci.397, 63
~1998!.

6Evelina A. Garcı´a, P.G. Bolcatto, and E.C. Goldberg, Phys. Re
B 52, 16 924~1995!.

7Evelina A. Garcı´a and E.C. Goldberg, Phys. Rev. B57, 6672
~1998!.

8Evelina A. Garcı´a, P.G. Bolcatto, M.C.G. Passeggi, and E.
Goldberg, Phys. Rev. B59, 13 370~1999!.

9R. Souda, K. Yamamoto, W. Hayami, B. Tilley, T. Aizawa, an
Y. Ishizawa, Surf. Sci.324, L349 ~1995!.

10P.G. Bolcatto, E.C. Goldberg, and M.C.G. Passeggi, Phys. Re
19541
,

,

.

.

A

50, 4643~1994!.
11P.G. Bolcatto, E.C. Goldberg, and M.C.G. Passeggi, Phys. Re

58, 5007~1998!.
12J. Lugoet al. ~unpublished!.
13J. Merino, N. Lorente, F. Flores, and M. Yu Gusev, Nucl. I

strum. Methods Phys. Res. B125, 250 ~1997!; N. Lorente, J.
Merino, F. Flores, and M. Yu Gusev,ibid. 125, 277 ~1997!.

14A.G. Borisov and V. Sidis, Phys. Rev. B56, 10 628~1997!; C.
Auth, A. Mertens, H. Winter, A.G. Borisov, and V. Sidis, Phy
Rev. A 57, 351 ~1998!.

15This calculation was performed using the commercial progr
GAUSSIAN98.

16S. Sawada, A. Nitzan, and H. Metiu, Phys. Rev. B32, 851~1985!.
17E.C. Goldberg, J. Ferro´n, and M.C.G. Passeggi, Phys. Rev. B40,

8666 ~1989!.
18M.A. Vicente Alvarez, V.H. Ponce, and E.C. Goldberg, Phy

Rev. B57, 14 919~1998!.
19E.C. Goldberg, and M.C.G. Passeggi, J. Phys.: Condens. M

8, 7637~1996!.
1-10


